Importantly, the extent of thickness anomalies in RMD mothers predicted analogous abnormalities in their daughters; this pattern was not present in CTL/low-risk dyads. Conclusions: We identified neuroanatomical risk factors that may underlie the intergenerational transmission of risk for MDD. Our findings suggest that there is concordance in brain structure in dyads that is affected by maternal depression, and that the location, direction, and extent of neural anomalies in high-risk offspring mirror those of their recurrent depressed mothers.
we know little about neuroanatomical vulnerability factors that are transmitted from depressed parents to their high-risk children.
Identifying neural anomalies that are present in both depressed individuals and their high-risk offspring allows researchers to begin to elucidate neural factors involved in the intergenerational transmission of risk for MDD. A large body of literature is documenting that depressed adults have anomalous reductions in gray matter in higher-order cortical regions involved in the cognitive processing of emotion material, such as the anterior cingulate cortex (ACC) [6, 7] , dorsolateral prefrontal cortex [8] , and orbitofrontal cortex [7] . Researchers have also reported depression-related decreases in gray matter of the posterior cingulate [8] , an area that undergirds selfreflective thought processes [9] , and the fusiform [7, 10] , a region involved in the processing of negatively valenced emotional faces [11] .
We do not know, however, whether these anomalies are a consequence of having been depressed, or alternatively, are abnormalities that precede the onset of depression. One way to address this question is to scan individuals who are at high risk for depression but who have not yet developed a clinically significant depressive episode. Only three such studies have examined alterations in cortical gray matter in individuals at high risk for depression. In the first study, Peterson et al. [12] found that having a depressed parent (or grandparent) was associated with increased gray matter thickness of the ACC and orbitofrontal cortex and with decreased thickness across widespread areas in the right hemisphere, including the dorsolateral cortex and ACC. Because the mean age of the participants in this sample was well above the peak age of incidence of depression in the offspring of depressed parents [5, 13, 14] , however, and because some of the participants had already experienced an episode of depression before they were scanned, it is unclear whether cortical gray matter alterations in this study are markers of depression vulnerability, markers of resilience, or scars of having been depressed. In the second study, Foland-Ross et al. [15] examined whether risk-related abnormalities in cortical thickness were present in a sample of never-disordered adolescents who were at high risk for developing major depression by virtue of having a depressed mother. They found that adolescent offspring of mothers with recurrent episodes of depression exhibited reductions in gray matter of the fusiform gyrus, a cortical area that is centrally involved in the visual processing of salient facial emotions [11] , and in which abnormal function and structure has been documented in individuals at cognitive [16] , familial [17] , and genetic [18] risk for depression and in adults with a history of MDD [19, 20] . In the third study, Papmeyer et al. [17] reported cortical thickness reductions in parahippocampal and fusiform gyri of unaffected young adults at familial risk for depression. This study provided further support for a role of the fusiform and surrounding cortical gray matter in the risk for depression. Importantly, the authors found that cortical thickness reductions in the fusiform became more pronounced over time in individuals who later developed a depressive disorder.
Taken together, these findings suggest that intergenerational risk for depression is associated with abnormalities in brain morphometry, particularly in the fusiform cortex. An important gap in our understanding of the neural basis of familial risk for depression, however, involves the question of whether neural anomalies in highrisk offspring are related to those of their affectively ill parents. That is, even given replicable findings of neural abnormalities across previous studies of cortical thickness in familial risk for depression, it is not clear whether morphological anomalies found in at-risk offspring mirror those of their recurrent depressed parents, or alternatively, are independent of parental brain structure. Gaining a better understanding of whether abnormalities in brain structure in depressed parents are present in their children represents a critical research goal, as such anomalies could be novel targets for prevention efforts. To examine this question, it is necessary to scan both depressed parents and their never-depressed but high-risk children. This design not only permits an examination of whether parent-child dyads with a parental history of MDD exhibit common abnormalities in neural structure, but also offers the opportunity to examine whether the magnitude of morphological alterations in parents with a history of depression is correlated (concordant) with morphological alterations in their never-depressed offspring.
In this study we addressed the question of whether abnormalities in the brain structure of depressed parents are also present in their never-depressed but high-risk offspring by examining whether mothers with a history of depression (remitted; RMD) and their never-depressed but high-risk daughters are characterized by parallel anomalous cortical thickness relative to never-depressed mothers (CTL) and their never-depressed, low-risk daughters. We assessed cortical gray matter thickness in particular, given the evidence that cortical thickness is less influenced by individual variations in surface area than is volume [21] . We first assessed the location and magnitude of alterations in cortical gray matter thickness in RMD mothers compared with CTL mothers. We then examined whether daughters at high and low risk for depression also differed in brain structure in the areas that differentiated RMD from CTL mothers. Finally, for those cortical areas that differed both between RMD and CTL mothers and between low-and high-risk daughters, we examined whether thickness was concordant (correlated) within mother-daughter pairs. We hypothesized that mothers with a history of recurrent MDD would exhibit thinning in cortical gray matter across widespread areas of the cortex, including areas previously implicated in a history of depression (e.g. ACC, fusiform, and temporal cortex) relative to CTL mothers, and that these alterations would also be present in their never-depressed daughters. We hypothesized further that there would be significant intergenerational concordance in cortical gray matter structure, such that mothers' cortical thickness would be directly associated with that of their daughters, regardless of mothers' history of depression.
Materials and Methods

Participants
The study was approved by Stanford University's institutional review board. Mothers provided written informed consent and daughters provided written assent. Mothers and their daughters were recruited through advertisements posted in numerous locations (e.g. internet bulletin boards, university kiosks, supermarkets, etc.). A telephone-screening interview established that the participants were fluent in English and scan eligible. The Structured Clinical Interview for the DSM-IV (SCID) [22] was administered to the mothers to assess current and lifetime Axis I disorders. The diagnostic status of daughters was assessed using the structured Kiddie Schedule for Affective Disorders and Schizophrenia for School-Age Children -Present and Lifetime version (K-SADS-PL) [23] , which interviewers administered to both the girls and their mothers (regarding the girls). To assess the current severity of symptoms of depression and anxiety, mothers completed the Beck Depression Inventory -II (BDI-II) [24] and the Beck Anxiety Inventory (BAI) [25] , and daughters completed the Children's Depression Inventory -Short Form (CDI-S) [26] and the Multidimensional Anxiety Scale for Children (MASC) [27] .
Dyads in the high-risk group were eligible to participate in the study if (a) the daughter did not meet criteria for any past or current Axis I disorder according to both the parent and child K-SADS-PL, and (b) their mothers met DSM-IV criteria for at least two distinct episodes of MDD since the birth of their daughters but did not meet criteria for current MDD. Dyads in the healthy, lowrisk group were eligible to participate if (a) the daughter did not meet criteria for any past or current Axis I disorder based on both the parent and child K-SADS-PL, and (b) their mothers did not meet criteria for any past or current Axis I disorder. Individuals were excluded from both groups if they had experienced severe head trauma or met criteria for substance abuse within the last 6 months.
Acquisition of Neuroimaging Data
All participants were scanned on a 1.5-tesla GE scanner (GE Healthcare Systems, Milwaukee, Wis., USA). Anatomic images were obtained using a T1-weighted spoiled gradient-recalled echo sequence with the following parameters: repetition time = 8.924 ms; echo time = 1.792 ms; flip angle = 15°; an in-plane resolution of 0.859 × 0.859, and a slice thickness of 1.5 mm.
Statistical Analyses of Demographic and Questionnaire Measures
For demographic, behavioral, and self-report variables, we conducted two-tailed independent samples t tests to compare demographic and clinical variables between the high-and low-risk groups.
Preprocessing of Cortical Thickness Data
We used FreeSurfer (version 5.0; http://surfer.nmr.mgh.harvard.edu) to estimate cortical thickness [28] [29] [30] . Briefly, processing streams included removing nonbrain tissue, intensity normalization, segmenting gray/white matter, and aligning each image volume to a standardized space. To estimate cortical gray matter thickness, a deformable surface algorithm was applied to segmented images to extract the pial and gray/white cortical surfaces [28] . All cortical surfaces were visually inspected by one rater (N.B.) who was blinded to group membership, and manual corrections were performed, where appropriate, following previously established procedures [31] . This additional quality control step ensured the accuracy of gray/white matter segmentation, the exclusion of scalp and other nonbrain tissue, and the inclusion of brain tissue. After spatial normalization of the data to a common space template, local cortical thickness was measured by estimating the shortest distance between the position of spatially equivalent surface points on the pial surface and the gray-white matter boundary and vice versa, and averaging these 2 values. A 20-mm full-width at half-maximum Gaussian kernel was applied to smooth the data.
History of Depression and Cortical Thickness in Mothers
To test the hypothesis that RMD mothers have regional thinning of cortical gray matter relative to CTL mothers, we fit a general linear model at each vertex with cortical thickness as the dependent variable and diagnostic group (RMD, CTL) as the independent variable. Age and total brain volume (TBV) were included as covariates, centered to the sample mean. Because the quadratic and cubic effects of age on cortical thickness were not significant, age was retained as a linear variable in the model. We included TBV as a covariate in the statistical model because it was a significant predictor of thickness across participants, even after controlling for age. Correction for multiple comparisons in resulting statistical maps was conducted using a one-tailed threshold of p < 0.05 and the Monte-Carlo simulation toolbox provided in FreeSurfer. This approach, which is based on the methods outlined by Hagler et al. [32] , estimates the probability of forming a maximum cluster of that size or larger during the simulation under the null hypothesis that results in a cluster-wise probability (CWP). Monte-Carlo simulations replace FDR (false discovery rate) and FWER (family-wise error rate) procedures that are commonly used in structural or functional paradigms to correct for multiple comparisons. CWP values are reported in the Results section. 
Maternal History of Depression and Cortical Thickness in Daughters
To test the hypothesis that never-disordered daughters at familial risk for depression are characterized by patterns of regional gray matter thinning similar to those of their formerly depressed mothers, we conducted region of interest (ROI)-based analyses using clusters identified from corrected statistical maps in our analysis of a main effect of group in mothers. ROIs resulting from our analysis of the mothers were registered from the average template space to the cortical surface for each individual daughter using mri_label2label (part of FreeSurfer), and accurate registration was manually checked by visual inspection. We computed thickness averages separately for each ROI for every daughter. Subject-specific regional thickness averages were then adjusted for age and TBV, and entered as the dependent variable in step 1 of a hierarchical linear regression, with group (high or low risk) entered as a predictor [33] .
Concordance between Mothers' and Daughters' Cortical Thickness
In the brain regions that showed significant main effects for both history of depression in the mothers and familial risk for depression in the daughters, we tested the hypothesis that mothers' and daughters' thickness in these ROIs were concordant. For this analysis, regional thickness averages were extracted from each mother using the ROIs described above. Raw thickness averages from these ROIs were adjusted for mothers' age and TBV and entered as a predictor of age-and TBV-adjusted daughters' regional thickness averages in step 2 of the hierarchical linear regression noted above. The interaction between the risk group and mothers' thickness was entered as a predictor in step 3.
Exploratory Analyses
While the primary aim of our study was to identify whether high-and low-risk daughters showed structural alterations in areas found to differentiate RMD from CTL mothers, we conducted additional exploratory vertex-based analyses to test whether highand low-risk daughters differed in cortical thickness in other areas for which there was a significant effect in our group analysis in the mothers (see online suppl. fig. 1 S; for all online suppl. material, see www.karger.com/doi/10.1159/000444448).
Results
Participant Characteristics
Thirty-seven dyads met the study inclusion criteria. There were 14 dyads with RMD mothers and 23 dyads with CTL mothers. High-and low-risk daughters did not differ in age (t 35 = -1.01, p = 0.32) or in scores on the CDI-S (t 35 = -1.56, p = 0.13) or the MASC (t 35 = 0.24, p = 0.81). RMD and CTL mothers also did not differ in age (t 35 = 0.79, p = 0.44) or in scores on the BAI (t 35 = -2.01, p = 0.06). RMD mothers, however, scored slightly but significantly higher on the BDI-II than did CTL mothers (t 35 = -2.77, p = 0.02; table 1 ).
Two RMD mothers met the criteria for one or more comorbid anxiety disorders (generalized anxiety disorder, n = 1; obsessive compulsive disorder, n = 1), and 7 were taking one or more psychotropic medications at the time of scanning (escitalopram, n = 2; fluoxetine, n = 4; venlafaxine, n = 1; paroxetine, n = 1; citalopram, n = 1). Consistent with the exclusion criteria for this study, no mothers in the CTL group and no daughters in either the high-or low-risk group were taking psychotropic medications or had experienced any Axis I disorder.
History of Depression and Cortical Thickness in Mothers
Vertex-wise statistical analysis of cortical thickness maps, controlling for the linear effects of age and TBV, indicated that RMD mothers exhibited significantly thinner gray matter relative to CTL mothers in two regions: a cluster that primarily encompassed the left fusiform gyrus but also included the left inferior temporal gyrus and left lateral occipital gyrus (CWP = 0.043, x/y/z Talairach peak coordinate = -12.64/-93.16/-23.97), and a cluster that primarily encompassed the right fusiform gyrus but also included the right inferior temporal gyrus and right lateral occipital gyrus (CWP = 0.025, x/y/z Talairach peak coordinate = 23.85/-69.58/-36.10; fig. 1 a) .
Maternal History of Depression and Cortical Thickness in Daughters
Step 1 of the hierarchical linear regression indicated that having a mother with recurrent depression significantly predicted lower thickness in daughters in both the left fusiform (β = -0.344, t 35 = -2.169, p = 0.037, adjusted R 2 = 0.118) and right fusiform clusters (β = -0.463, t 35 = -3.087, p = 0.004, adjusted R 2 = 0.192; fig. 1 b) . Results of exploratory vertex-based analyses of a main effect of ma- Data are presented as means ± SD unless otherwise indicated. Mothers with (RMD) or without (CTL) a history of depression, and their daughters who are at high or low risk for depression based on mothers' history of the disorder. * p < 0.05, between groups. ternal history of depression indicated that the location, magnitude, and extent of difference in cortical thickness between high-and low-risk daughters were similar to those identified in our analyses of RMD and CTL mothers. High-risk daughters did not exhibit reductions in cortical thickness relative to low-risk daughters in any brain region outside of the two clusters identified in our analysis of RMD versus CTL mothers. Details concerning the results of this analysis are presented in the online supplementary material.
Concordance between Mothers' and Daughters' Cortical Thickness
Step 2 of our hierarchical linear regression model indicated that mothers' cortical thickness did not predict daughters' cortical thickness as a main effect in either the left (β = 0.809, t 34 fig. 2 ). Tests of simple slopes indicated that whereas decreased thickness in RMD mothers' left fusiform cluster predicted analogous decreased thickness in their daughters (β = 0.605, p = 0.022), cortical thickness in CTL mothers was not a significant predictor of thickness in their daughters (β = -0.261, p = 0.228). For the right fusiform cluster, the interaction between group and mothers' thickness was not significant (β = 0.022, t 33 = 0.102, p = 0.920).
Discussion
This is the first study to examine brain structure in both formerly depressed mothers and their never-depressed adolescent daughters who are at risk for depression by virtue of their mothers' history of the disorder. We documented two major findings in this study. First, both recurrent depressed mothers and their high-risk daughters exhibited bilateral reductions in gray matter thickness of clusters that encompassed the fusiform and inferior temporal and lateral occipital gyri relative to their low-risk counterparts. Second, concordance analyses indicated that mothers' thickness in this region in the left hemisphere directly predicted thickness in their neverdepressed daughters, a pattern that was present only in dyads in which the mother experienced clinically significant depression during the daughter's lifetime.
Our findings of reduced gray matter in the bilateral fusiform and inferior temporal and lateral occipital gyri in women with a history of depression adds to previous reports of inferotemporal cortical reductions in MDD [20, 34, 35] . The reduction in cortical gray matter that we documented in this same set of regions in high-risk daughters is also consistent with findings of investigations that have examined the neural anomalies associated with a genetic [18] or cognitive risk [16, 36] for depression. For example, decreased fusiform gray matter has been reported in a study of individuals who were classified as vulnerable to developing depression based on having a negative cognitive style [16] . Anomalous responding in this brain area has also been associated with high scores on a measure of neuroticism [36] , a trait that is posited to predispose individuals to experience depression [37] . Finally, reduced gray matter of the fusiform was reported in a sample of individuals who were at genetic risk for depression, defined by an exchange of amino acids from valine to methionine at a single site on the brainderived neurotrophic gene [18] . The current study provides further support for a role of inferotemporal and fusiform cortex in neural risk for depression. We also extend previous findings by documenting that anomalies in the structure of this area appear to be passed down from recurrent depressed mothers to their high-risk offspring.
It is well established that the inferior temporal, fusiform, and lateral occipital cortices coactivate during the processing of faces [11, [38] [39] [40] and, in particular, during the processing of negative facial emotions [11, 40] . This specialization is posited to occur in part as a result of extensive structural connections with the amygdala [41] . Functional neuroimaging studies utilizing tasks that involve the perception of emotional faces have demonstrated a dynamic interplay among these areas, whereby the occipital cortex influences both temporal and fusiform gray matter, and the fusiform, in turn, exerts a strong causal influence on activation in the amygdala [40] . Given the specialization of these regions and their involvement in the processing of salient material [42] , an important direction for future research involves examining the relation between structural alterations in these regions and mood-congruent biases in cognition. Indeed, although it is not clear precisely how structural or functional alterations of this brain area might contribute to a diagnosis of or vulnerability for depression, it is tempting to speculate that anomalies in the structure and/or function of this region underlie the enhanced processing of emotionally salient information in high-risk individuals, and that these behavioral anomalies, in turn, contribute to increased vulnerability for the disorder. Partial support for this possibility comes from data demonstrating that biases in the processing of negatively valenced faces are present in both remitted depressed adults [43] and youth at familial risk for depression [44] . Whether neural anomalies mediate variations in the processing of negatively valenced information, however, is not yet clear.
This is the first neuroimaging study to examine parent-child concordance in brain structure. Our findings concerning concordance in the left inferotemporal gray matter is important in demonstrating, for the first time, that anomalous brain structure in this region in mothers with a history of depression is a significant determinant of aberrant brain structure in this same area in their never-disordered, but high-risk daughters. These findings increase our understanding of the neurobiological factors that underlie intergenerational risk for depression, and suggest a number of directions for future research. First, it is important that our findings be replicated in a larger sample. Moreover, following this sample longitudinally would allow us to examine whether higher concordance in mother-daughter thickness predicts a greater likelihood that the daughter will develop depression. Second, future studies should include cognitive assessments to examine behavioral aspects of structural neural alterations in remitted depressed mothers and their daughters. Finally, future studies should quantify the relative contributions of genetic and environmental factors in order to better understand the mechanisms that underlie intergenerational concordance in brain structure.
Our findings concerning concordance add to a body of research documenting parent-child concordance in other measures of psychopathology. For example, maternal levels of cortisol have been found to be among the strongest predictors of children's cortisol levels [45] . LeMoult et al. [46] recently examined parent-child concordance of this variable and found that anomalous increases in cortisol production in formerly depressed mothers predicted increased cortisol production in their high-risk daughters. This finding, taken together with research linking elevated cortisol with the subsequent onset of MDD [47, 48] , suggests that maternal neurobiological markers are important predictors of mental health outcomes in children. Future research should assess how distinct neurobiological markers (e.g. cortical thickness and cortisol) may be related to each other and how they may, independently or combined, predict increased risk for depression.
Contrary to our hypothesis, we did not observe concordance of neural measures in mother-daughter dyads who were not affected by MDD. Although the reasons for this are unclear, it is possible that the factors underlying the intergenerational concordance of temporal and occipital cortical gray matter are unique to a familial history of depression. While we cannot conclude what these factors may be, research examining the etiology of MDD clearly implicates both genetic and environmental components. For example, one study of monozygotic twins found that the fusiform is principally dependent on unique individual experience [49] , whereas others have found evidence suggesting that face recognition areas of the brain are under genetic control [50] . Longitudinal studies that more clearly point to the factors that influence the development of cortical regions implicated in the processing of moodcongruent valenced material are needed.
We should note five limitations of the present study. First and foremost, the sample size was relatively small, which may have limited our power to detect group differences in other brain structures. Second, prior research indicates that a surge of newly emergent cases of MDD occurs between 15 and 18 years of age in females [51] . Because the maximum age of daughters in our sample was 20 years, we cannot rule out the possibility that some of the daughters in our study were particularly resilient to the development of depression. Third, half of the RMD mothers were receiving medication or were comorbid for one or more anxiety disorders at the time of scanning, and the effects of medication on our findings is unknown. Fourth, because we focused on cortical thickness in our study, it remains for future research to examine whether individuals with a history of depression and their offspring who are at risk for depression show convergent patterns of structural abnormality in subcortical gray matter or white matter. Finally, because none of the offspring in our study had a history of depression, it is not clear whether a different pattern of parent-child concordance would characterize dyads in which both the mother and the daughter have experienced an episode of depression. Future studies that examine whether parentchild concordance in inferotemporal gray matter varies as a function of parent-child concordance in depression history would be informative in addressing this issue.
In conclusion, the current study supports the formulation that the intergenerational transmission of anomalous structure in the fusiform, inferior temporal, and lateral occipital gyri -regions that are important to the processing of mood-congruent valenced material -is implicated in familial risk for major depression. Future studies should test whether concordance of neural anomalies in recurrent depressed mothers and their high-risk daughters is itself a significant predictor of the onset of depression in 122 the daughters. In addition, investigations that elucidate both the adverse and the protective factors that influence parent-child concordance in neural structure will be critical in increasing our understanding of factors that contribute to the onset of this severe and debilitating disorder.
